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Mechanical equivalence of spin and orbital angular
momentum of light: an optical spanner
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We use a Laguerre–Gaussian laser mode within an optical tweezers arrangement to demonstrate the transfer
of the orbital angular momentum of a laser mode to a trapped particle. The particle is optically confined in
three dimensions and can be made to rotate; thus the apparatus is an optical spanner. We show that the spin
angular momentum of 6h̄ per photon associated with circularly polarized light can add to, or subtract from,
the orbital angular momentum to give a total angular momentum. The observed cancellation of the spin and
orbital angular momentum shows that, as predicted, a Laguerre–Gaussian mode with an azimuthal mode index
l  1 has a well-def ined orbital angular momentum corresponding to h̄ per photon.  1997 Optical Society of
America
The circularly symmetric Laguerre–Gaussian (LG)
modes form a complete basis set for paraxial light
beams.1 Two indices identify a given mode, and the
modes are normally denoted LGp

l, where l is the num-
ber of 2p cycles in phase around the circumference and
sp 1 1d is the number of radial nodes. In contrast to
the planar wave fronts of the Hermite–Gaussian (HG)
mode, for l fi 0 the azimuthal phase term expsilfd in
the LG modes results in helical wave fronts.2 These
helical wave fronts are predicted by Allen et al. to give
rise to an orbital angular momentum for linearly po-
larized light of lh̄ per photon.3 This orbital angular
momentum is distinct from the angular momentum as-
sociated with the photon spin manifested in circularly
polarized light. For a collimated beam of circularly
polarized light the photon spin is well known to be
6h̄; however, for a tightly focused beam the polariza-
tion state is no longer well defined.4 The total angular
momentum of a beam, found by a rigorous solution of
Maxwell’s equations that reduces to a LG beam in the
paraxial approximation, is given by5∑
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per photon, where sz  0, 61 for linearly and circu-
larly polarized light, respectively, and where zr is the
Rayleigh range and k is the wave number of the light.
Note that for a collimated beam kzr ¿ 1, and expres-
sion (2) reduces to

sl 1 szdh̄ (2)
per photon, whereas for linearly polarized light lh̄ per
photon is strictly correct even in the absence of any
approximation.

Lasers have been made that operate in LG modes,6

but it is easier to obtain them from the conversion of
HG modes. Three different classes of mode converter
have been demonstrated. Two of these, spiral phase
plates7 and computer-generated holographic convert-
ers,8,9 introduce the azimuthal phase term to a HG0,0
Gaussian beam to produce a LG mode with p  0 and
specific values of l. In all these devices a screw phase
0146-9592/97/010052-03$10.00/0
dislocation, produced on axis, causes destructive inter-
ference, leading to the characteristic ring intensity pat-
tern in the far field. The other class of converter is
the cylindrical-lens mode converter,10 which employs
the change in Gouy phase in the region of an ellipti-
cally focused beam to convert higher-order HG modes,
of indices m and n, into the corresponding LG modes (or
vice versa) with 100% efficiency. The transformation
is such that l  jm 2 nj and p  minsm, nd.

Consider the various macroscopic mechanisms
whereby angular momentum can be transferred be-
tween a well-defined transverse laser mode and mat-
ter. One can transfer spin angular momentum by
using a birefringent optical component, resulting in
a change in the polarization state of the light. One
can transfer orbital angular momentum by using a
component that possesses an azimuthal dependence
of its optical thickness, as with a cylindrical lens or a
spiral phase plate. In contrast, absorption of the light
allows both spin and orbital angular momentum to be
transferred.

The prediction that LG laser modes possess well-
defined orbital angular momentum has led to consid-
erable research activity.3,6 – 14 The transfer of orbital
angular momentum from a light beam to small parti-
cles held at the focus has been modeled,12 but to date
only one group of researchers has demonstrated that
these modes do indeed possess orbital angular momen-
tum. He et al.13 demonstrated that orbital angular
momentum could be transferred from the laser mode
to micrometer-sized ceramic and metal-oxide particles
near the focus of a LG beam with an azimuthal mode
index l  3. More recently the same authors reported
the use of a circularly polarized mode and the corre-
sponding speeding up or slowing down of the rotation,
depending on the relative sign of the spin and orbital
angular-momentum terms.14 In each case the parti-
cles were trapped with radiation pressure, first forc-
ing the totally absorbing particle into the dark region
on the beam axis (x–y trapping) and then forcing the
particle against the microscope slide (z trapping). LG
modes were recently also used in an optical tweezers
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geometry for trapping hollow glass spheres15; however,
no rotation was observed because these spheres were
totally transparent.

Here we use weakly absorbing dielectric particles,
larger than the dimensions of the tightly focused LG
mode. The particle experiences a net force within the
electric field gradient toward the focus of the beam
and is thus held in an all-optical x–y –z trap. This
clearly distinguishes our experiments from previous
ones,13,14 which relied on mechanical restraint in the
z direction. Such all-optical traps, using zero-order
Gaussian modes, were demonstrated by Ashkin et al.16

and are commonly referred to as optical tweezers. The
transfer of angular momentum and the subsequent
rotation of the trapped particle through the use of a LG
mode leads us to refer to our modified optical geometry
as an optical spanner.

Figure 1 shows our experimental arrangement. We
use a diode-pumped Nd:YLF laser at 1047 nm oper-
ating in a high-order HG mode. This mode is con-
verted into the corresponding LG mode by the use of the
previously mentioned cylindrical-lens mode converter;
a quarter-wave plate sets the polarization state. A
telescope arrangement optimizes the mode size to fill
the back aperture of the objective lens, and an ad-
justable mirror enables the focused beam to be trans-
lated within the field of view of the objective lens. A
dichroic beam splitter couples the beam into the optical
spanner. The optical spanner is based on a 1.3-N.A.,
1003 oil-immersion microscope objective. The associ-
ated tube lens forms an image of the trapped particle
on a CCD array. The sample cell comprises a micro-
scope slide, an ø60-mm-thick vinyl spacer, and a cover
slip and is backlit with a standard tungsten bulb. The
LG mode is focused such that the trapped object is held
in the focal plane of the objective lens, and a colored
glass filter can be inserted before the CCD array to
attenuate the ref lected laser light. We independently
confirmed the polarization state of the light in the
plane of the trapped particle by monitoring the power
transmitted through a linear polarizer at various ori-
entations.

When the l  1 LG mode was focused by the objec-
tive lens, its beam waist was approximately 0.8 mm,
which corresponds to a high-intensity ring 1.1 mm in
diameter. For dielectric particles smaller than ,1 mm
we observe that the gradient force results in the parti-
cles’ being trapped off axis, centered within the high-
intensity region of the ring itself. However, particles
1 mm or larger are trapped on the beam axis and for in-
cident power above a few milliwatts are held stably in
three dimensions. If the particle is partially absorb-
ing, the transfer of angular momentum from the laser
beam to the particle causes the particle to rotate. The
strong z-trapping force enables us to lift the particle
optically off the button of the sample cell, allowing it
to rotate more freely. We have successfully rotated a
number of a different particle types, including particles
of absorbing glass (e.g., Schott BG38 glass) and Tef lon
spheres. The particles were dispersed in various f lu-
ids, including water, methanol, and ethanol.

For the linearly polarized l  1 LG mode and an
incident power of ø25 mW, typical rotation speeds for
the Tef lon particles were ,1 Hz. The relationship
between applied torque t and limiting angular velocity
vlim of a sphere of radius r in a viscous medium of
viscosity h is17

vlim  tys8phr3d . (3)
This implies that the absorption of the Tef lon particle
is of the order of 2%.

The principal motivation of this study was to demon-
strate that, with respect to absorption and the result-
ing mechanical rotation of a particle, the spin and
the orbital angular momenta of light are equivalent.
As discussed above, for the spin and orbital angular-
momentum content of the laser mode to interact in
an equivalent manner with the trapped particle it is
essential that the dominant mechanism for transfer
of the angular momentum be absorption. The bire-
fringence or astigmatism of the trapped particle will
preferentially transfer spin or orbital angular momen-
tum, respectively. For comparison of spin and orbital
angular momentum we selected Tef lon particles, or
amalgamated groups of Tef lon particles, larger than
the focused beam waist. Trapped on the beam axis,
these particles interact uniformly with the whole of the
beam, can be optically levitated off the bottom of the
sample cell, and are observed to rotate smoothly with a
constant angular velocity. This ability to lift the par-
ticles optically away from the cell boundary differenti-
ates our research from that previously reported. Less
regular particles could be lifted and made to rotate in
the same sense as the more regular particles but of-
ten failed to stop when the spin and orbital angular-
momentum terms were subtractive. This imperfect
cancellation is due to additional transfer of orbital
angular momentum owing to the asymmetry of the
particle.

For our experimental configuration and an l  1
mode, expression (1) shows that the total angular

Fig. 1. Experimental configuration of the optical spanner.
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Fig. 2. Successive frames of the video image showing the
stop–start behavior of a 2-mm-diameter Tef lon particle
held with the optical spanner.

momentum is ,2.06h̄ per photon when the spin and
orbital terms are additive and ,0.06h̄ per photon when
the spin and orbital terms are subtractive.

Figure 2 shows successive frames of the video image
of a 2-mm-diameter Tef lon particle held within the op-
tical spanner, trapped with an l  1 mode of various
polarization states. The slight asymmetry in the par-
ticle geometry allows the particle rotation to be as-
sessed. In more than 80% of cases, once a smoothly
rotating particle had been selected, orienting the wave
plate to circularly polarize the light would cause the
particle to speed up or stop completely, depending
on whether the spin and orbital angular-momentum
terms were added or subtracted. In the other 20%
of cases, although the particles would speed up or
slow down, they could not be stopped completely. We
believe that this was because these particles were in-
sufficiently uniform, resulting in an unwanted mode
transformation and giving an additional exchange of
orbital angular momentum. With the well-behaved
particles, when the spin and orbital terms are sub-
tracted the low value of the torque, owing to a total
angular momentum of no more than 0.06h̄ per ab-
sorbed photon, is insufficient to overcome the stiction
present within the system, and the particle ceases to
rotate. Stiction can arise from slight particle asym-
metry coupled with residual astigmatism in the laser
mode, which will favor the particles’ being trapped
in particular orientations. When the spin and orbital
terms are additive the rotation speed increases signifi-
cantly, but in only few cases is it seen to double. We
attribute this to a nonlinear relationship between the
applied torque and the terminal rotation speed, and the
particle asymmetry. We confirmed this nonlinearity
in the relationship between torque and rotation speed
by deliberately changing the optical power while main-
taining the same laser mode.
We observe, in agreement with our interpretation,
that reversing the sense of the cylindrical-lens mode
converter caused the particles to rotate in the op-
posite direction; similarly, by use of a HG0,0 mode,
particles could be rotated in either direction when cir-
cularly polarized light of the appropriate handedness
was used.

Our experiment uses a LG mode within an all-optical
x–y –z trap to form an optical spanner for rotating
micrometer-sized particles. By controlling the polar-
ization state of a LG mode with l  1 we can arrange
for the angular momentum associated with the photon
spin to add to the orbital angular momentum, giving
a total angular momentum of 2h̄ per photon, in which
case the Tef lon particle spins more quickly. Alterna-
tively, that momentum can subtract, resulting in no
overall angular momentum, and the particle comes to
a halt. We observe the cancellation of the spin and
orbital angular momentum in a macroscopic system,
which verifies that for an l  1 LG mode the orbital
angular momentum is indeed well defined and corre-
sponds to h̄ per photon.
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